Abstract: Human metallothionein 1a, a protein with two cysteine-rich metal-binding domains (a with 11 Cys and b with 9), was analyzed in its metal-free form by selective, covalent Cys modification coupled with ESI-MS. The modification profiles of the isolated b-and a-fragments reacted with p-benzoquinone (Bq), N-ethylmalemide (NEM) and iodoacetamide (IAM) were compared with the full length protein using ESI-mass spectral data to follow the reaction pathway. Under denaturing conditions at low pH, the reaction profile with each modifier followed pathways that resulted in stochastic, Normal distributions of species whose maxima was equal to the mol. eq. of modifier added. Our interpretation of modification at this pH is that reaction with the cysteines is unimpeded when the full protein or those of its isolated domains are denatured. At neutral pH, where the protein is expected to be folded in a more compact structure, there is a difference in the larger Bq and NEM modification, whose reaction profiles indicate a cooperative pattern. The reaction profile with IAM under native conditions follows a similar stochastic distribution as at low pH, suggesting that this modifier is small enough to access the cysteines unimpeded by the compact structure. The data emphasize the utility of residue modification coupled with electrospray ionization mass spectrometry for the study of protein structure.
Introduction
Since their discovery in 1957, 1 metallothioneins (MTs) have been of interest due to their many unique structural and metal binding properties. These special properties include binding of up to 7 Zn 21 and Cd 21 , forming two metal-thiolate clustered domains (the a and b-domains) that are joined by a short linker sequence. 2, 3 While the biological function(s) of this family of proteins are still debated, it is generally agreed that their functions are connected with zinc and copper homeostasis, 4-7 redox signalling, [8] [9] [10] and toxic metal sequestration. [11] [12] [13] [14] [15] Despite these many proposed functions, and their capacity to bind so many metals, 16, 17 MTs are surprisingly small, flexible proteins that lack optically active structural features. This lack of formal secondary and tertiary structure in the absence of bound metal ions precludes traditional structural analysis via spectroscopic methods. 18, 19 In addition, the dynamic nature of the coordinated metals in the metal-binding sites makes characterization even more difficult for metalation states other than the fully saturated protein. 2, 20 The structures of metalated metallothioneins have been probed with a wide range of methods, including fluorescent resonance energy transfer (FRET), 21 ion-mobility mass-spectrometry (IM-MS) 22 and, following cysteine modification, electrospray ionization mass spectrometry (ESI-MS) analysis. [23] [24] [25] Traditional ESI-MS studies have resulted in a large library of mass spectrometric data being reported that clearly distinguish between metalation states present in solution. Through the semi-quantitative properties of ESI-MS, the distribution of those species can be analyzed. 26 In addition to the extent of metal-saturation, ESI-mass spectral data can also determine the relative concentrations of the many differentially modified protein species simultaneously. 24 The abundance of easily modifiable cysteine residues (20 in mammalian MTs) offers an opportunity to exploit this reactivity to obtain information on the solution structure of MTs based on the relative reactivity of individual cysteinyl thiols. 25, 27, 28 This experiment is similar to the use of H/D exchange in identifying regions of proteins that are more or less exposed to the solvent. 29, 30 Analysis of charge state distributions 31 and ion drift in IM-MS gives additional information about the overall folded state of the protein. 32 ESI-mass spectral data have been used to determine structural properties of apo-MT 25 and MT partially metalated with As 31 24 and Cd
21
. 28, 33 ESI-MS data can also be used to determine quantitative biochemical parameters as recently demonstrated in the determination of arsenic metalation kinetics, 34 cadmium and zinc equilibrium, and kinetic constants 28, 35, 36 and copper binding affinity. 37 The key to these semi-quantitative data is the assumption that apo-MTs and those with different numbers of metals coordinated exhibit very similar ionization efficiencies; this assumption has been supported by the literature, especially for metalation of metallothioneins. 38 While it is true that the different MTisoforms will have slightly varying ionization efficiencies, 39 when analyzing modifications of the same isoform, the behavior of all species in solution has been demonstrated to be predictable and the metalbinding parameters determined align closely with those determined by other methods. 36, 40, 41 Previous studies using cysteine modification agents to probe the solution structure and metal binding properties of MTs have focused on one modifier at a time, leading us to question whether there was a bias based on the size and relative solvation properties of the modifying molecule.
In this article, we use three cysteine modification agents of varying size and hydrophobicity, pbenzoquinone (Bq), N-ethylmalemide (NEM), and iodoacetamide (IAM), to probe MT solution structure as a function of the accessibility of its cysteine residues. We carried out the reactions of the full-length human MT1a and its isolated a-and b-domains under native and denaturing conditions. By analyzing the characteristic modification profiles of folded and unfolded MTs (obtained at neutral and low pH) as well as changes in charge state distribution, we describe the modification properties of the folded, globular apo-metallothionein structure under native conditions and compare it under denaturing conditions. The ESI-mass spectral data provide modification profiles and charge state distributions that we use to determine the relative accessibility of the cysteinyl thiols to the modifiers, which leads to conclusions about the overall compactness of the proteins.
Results
The isolated a-and b-domain fragments of MT were reacted with each of the three cysteine modifying agents to probe the compactness of their structures at neutral (native conditions) and low pH (denaturing conditions). The fragments were studied separately from the full-length protein to test whether cysteinyl thiols would be buried to a different extent within the smaller volumes of the individual fragments, especially the small b-domain.
Modification of the isolated b-domain fragment of metallothionein Figure 1 shows the reaction profile of the b-domain fragment (N-terminus fragment) with p-benzoquinone (Bq). The data show the distinct cysteine access differences between the extended conformation state of the fragment at low pH and a more Figure 1 . Representative deconvoluted ESI-MS spectra from the modification of the b-domain fragment of MT1a with pbenzoqinone (Bq). The reaction at pH 2.8 (left panel) and 6.7 (right panel) gave markedly different reaction products labelled with vertical lines for the 1, 3, 5, and 9 Bq bound masses. Note that the apo-fragment is not indicated, its mass lies to the left of the "1" line. The fully modified fragment is indicated by the "9" line. The number of molar equivalents of Bq added in the stepwise titration is listed to the right of each panel up to 8.8. compact, native conformation state at neutral pH. At low pH the modifications follow a systematic and stochastic trend as the number of molar equivalents of Bq is increased. At pH 6.8, the pattern is very different, with both the unmodified (0 Bq) apofragment and the fully modified (9 Bq) fragment coexisting. While some adducts are present in the low pH spectra, they did not add to the shielding of cysteine residues and a Normal distribution of modifications is seen.
In the second test, the more hydrophobic and slightly larger modifier, NEM, was used. The reaction profile of the b-domain fragment with NEM is shown in Figure 2 under native and denaturing conditions. At low pH, the data show an incremental increase in modification species as the molar equivalents of NEM is increased. At pH 7.4, NEM modified fragments from apo-(0 NEM) to fully modified (9 NEM) are present until the end; a stark departure from the pattern than observed at low pH and remarkably similar to the Bq modification pattern at neutral pH. At all points during the reaction either apo-or NEM 9 -b-MT are the most abundant species.
The reaction profiles for the NEM and Bq modification reactions of the b-domain fragment of MT1a (Figs. 1 and 2) are strikingly similar at low pH. Both exhibit a stochastic, Normal distribution of intermediate species under these denaturing conditions. Under more native conditions for both modifiers the starting apo-b-MT and end product, Mod 9 b-MT are the two dominant species in solution with minor abundance of intermediate species. It appears that the modification of the b-domain fragment leads to the protein unfolding, promoting subsequent modification reactions due to the disruption of native structure and exposure of previously buried Cys residues to the solvent. The series of spectra show that throughout the stepwise addition, the apo and the fully modified species are the most abundant. The spectra around the 4.0 NEM mol. eq. point demonstrate the differences between conditions most clearly. To further understand the properties of this metal-free, folded state of MT under these conditions, the charge state distributions were analyzed.
The charge states of both isolated domain fragments were similar following complete modification with both Bq and NEM. The charge state distributions for the NEM modifications of the b-domain fragment are shown in Figure 3(C, D) . The charge state average shifts higher following the Cys modification reaction, indicating an increase in surface area. However, this weighted average shifts only slightly for the b-domain. Also the average charge state is essentially unchanged when going from neutral to low pH indicating there is no dramatic volume change between compact and extended conformations.
Modification of the isolated a-domain fragment of metallothionein
The a-domain fragment reacted in a very similar manner to the b-domain when modified with both Bq and NEM. The data for the reaction of the adomain fragment of MT1a with Bq has been published previously. 25 The stepwise NEM modification reaction of the a-domain fragment under native and denaturing conditions is shown in Figure 4 . The NEM reaction at pH 2.8 follows the trend for the b-domain fragment and also the previously reported modification reaction of the a-domain fragment by Bq. 25 Under denaturing conditions, where the peptide is expected to be unfolded in an extended conformation, modification follows a stochastic, Normal distribution of modification intermediates. At neutral pH it can be seen that the a-domain fragment modification by NEM results in very low abundance of the partially-modified intermediates (NEM 1-10 a-MT), even when compared with the bdomain reaction. The series of spectra in Figure 4 (right) indicate that the modification of the apofragment is initially sterically unfavorable compared with the low pH reactions. However, once modification has begun, those peptides unfold, exposing buried cysteinyl thiols and allowing subsequent modifications to proceed rapidly, culminating in the growing presence of the fully modified NEM 11 a- fragment. The throttling effect of the initial steric hindrance results in the very low abundances of the partially modified fragment. The implication is that for the a-domain fragment, the compact conformation under native conditions is resistant to modification. When comparing fragments, the lower abundance of intermediates for the a-domain suggests that it adopts a more compact conformation than the b-domain under native conditions. The charge state analyses in Figure 3 (E-F) show a slight increase in average charge state upon reduction of pH, indicating a slight expansion between compact and extended conformations. This is a departure from the smaller b-fragment where the average does not significantly change between conditions. The charge state average increases dramatically at neutral pH upon NEM modification from 3.8 to 4.8 and this is more similar to the large change seen in ba-MT modification (net change of 11.8) than the b-MT modification (net change of 10.4). The large charge state shift seen in a-MT following the modification reaction is indicative of a more extended conformer with a larger surface area.
Modification of the full length protein (ba-MT)
The full length protein, ba-MT, consists of the two isolated domain fragments discussed in the previous sections, joined by a short linker sequence. The protein is much larger with 20 cys in the sequence. Much like the isolated domain fragments, the full protein exhibits a stochastic, Normal distribution of modification intermediates (NEM 1-19 ba-MT) under denaturing conditions as can be seen in Figure 5 . Both NEM and Bq modifiers exhibit nearly identical patterns and this is consistent across all three peptides studied. Despite the differences in size and hydrophobicity, both NEM and Bq reactions cause similar changes to the structure of the proteins under native conditions.
The results of the modification reactions at pH 7.4 are different when compared with the isolated domains fragments. In particular, the charge state distribution significantly changes during the modification reaction at pH 7.4, which can be seen in Figure 3(A, B) . Two new charge states (19 and 18) emerge for the fully modified protein (NEM 20 ba-MT) compared with only a slight shift in charge state abundance for the modified isolated a-and b-domain fragments. This can be explained by a larger number of covalent modifications, resulting in a much larger peptide that also has a very different electrostatic surface and by the more drastic surface area difference between the compact and extended conformations.
For ba-MT the native condition average charge state is 5.2 and increases marginally to 5.5 when the pH is lowered [left spectra, Fig. 3(A, B) ]. There is a more dramatic shift in charge states upon modification in all cases. The largest differences in average charge state occurs under native conditions in the ba-MT modification reaction [ Fig. 3(A) ]. While the appearance of new charge states indicates unfolding, the effect in the small MT-protein and the even smaller fragments is more subtle than in classic studies, such as that for myoglobin unfolding. 42 Thus it is difficult to make conclusions about the folded state of MT from charge states alone. However, when combined with the ESI-MS data for the modification reaction patterns the conformational picture of MT becomes clearer. Despite having different properties, it is clear that in the case of the full length protein, cysteine modification with Bq and NEM follows a similar pathway, resulting in the same types of reaction profiles. In order to contrast the reactions of these hydrophobic molecules, we also used iodoacetamide (IAM) to covalently modify the cysteine residues of the full length protein. IAM being smaller and more hydrophillic, is expected to be able to penetrate the compact conformation more easily and result in a less dramatic conformation change upon reaction. Thus, in Figure 6 , we show the results of the IAM modification of the full length protein which has the largest volume for residue burial and would be the most likely to shield cysteinyl thiols from a small, hydrophillic modifier. Figure 6 shows the results of the IAM modification experiment. Under both denaturing (left panel) and native (right panel) conditions, IAM results in a Normal distribution of modified MT species, although the distribution is wider under the native conditions. At low pH, the modification reaction is much slower than for the other two modifiers tested, due to the difference in reaction mechanism, so excess IAM was reacted with the apo-MT solution overnight. However, even with a large excess of IAM, after 24 h only 5.8 molar equivalents of IAM had reacted but the general pattern of modification is apparent and matches that of the other modifiers. It is also similar to the neutral pH reaction in terms of modification profile and distribution of modified species, although a smaller range of modified species are present at any given time. The IAM modification did not result in the cooperative modification patterns indicative of structure disruption in the full length protein.
Discussion
The challenges of investigating the structure of apometallothioneins are numerous. The fluxional nature of a disorganized peptide and the lack of good chromophores make traditional methods of structure determination difficult or impossible. Proton NMR experiments showed a disordered structure for apohuman, horse and bovine MT2a, however, the backbone chemical shifts were similar to the zinc and cadmium analogues. 43 FRET studies have shown that the overall volumes of the full length protein, as well as its isolated domains, are largely unchanged between the metal-free and metalsaturated states. 21, 44, 45 Ion-mobility mass-spectrometry has confirmed the presence of a range of conformations in the apo-protein and inherent fluxionality before metal binding occurs. 22 In previous reports,
we have begun to probe the structure via global reactivity toward cysteine modifying agents. 24, 25, 27, 31 Other groups have also probed the reactivity of the fully metalated protein towards NEM to investigate properties of demetalation and stability of cadmium-MT clusters. 33 In this study we sought to probe the metal-free solution structures of ba-MT and its isolated domain fragments using three different commonly used cysteine modifiers and analyze the reaction profiles using ESI-MS. Our report includes the reaction profiles for modification of the isolated domain fragments and contrasts those differential modification data with the reactivity of the full length protein.
The isolated domains being smaller, having less overall volume and a smaller surface area than the full protein were predicted to exhibit a smaller change in average charge state and this is observed in Figure 3 . Although the average charge states only changed slightly in the isolated domain fragments (a increased 1.0 and 0.6 and b 0.4 and 0.9 at neutral and low pH, respectively), reaction profiles for NEM and Bq followed a cooperative pathway under native conditions at neutral pH in contrast with a noncooperative mechanism under denaturing conditions (Figs. 1-4 ).
We have previously described the cooperative pattern arising from unequal solvent access of the cysteines in apo-MTs. 25 The modification proceeds rapidly once the compact conformation initially proposed many years ago from early molecular dynamics calculations 19 is unfolded by the initial modifications. This indicates that both isolated fragments are capable of adopting a more compact conformation to shield cysteine residues from the solvent despite their small size (3.7 and 4.08 kDa). This is surprising as the metal-free b-domain structure predicted by molecular dynamics (MD) simulation is a more open conformation. 46 We have previously reported through MD/MM simulation that when demetalation is taken into account, the conformation adopted to accommodate the metalated state remains somewhat intact. 47 Despite great advancements in our structure predicting abilities in Figure 6 . Deconvoluted mass spectra of the ba-MT modification with IAM under denaturing conditions at pH 3.0 (A) and native conditions at pH 7.4 (B). At low pH, the kinetics of the reaction is very slow so only the spectrum at 1 h (top) and the incompletely modified spectrum at 24 h (bottom) are shown in (A).
silico, diverging simulations occur and experimental evidence must be relied upon, even when that evidence is difficult to obtain as in the case of disordered proteins. 48, 49 In Figures 1, and 4 , it is clear that during the reaction of both apo-a and apo-b, the unmodified apo-fragments coexist with the fully modified species during the step-wise addition of the modifier. This is counter-intuitive for a protein with 9 or 11 cysteinyl thiols that remain unreacted while other individual MT molecules, with only a few free cysteines, react to become fully modified. This can be explained by the compact conformers adopted at neutral pH (6.8-7.4) making the cysteines sterically inaccessible. Conceptually, it can be understood that modifiers of any size or hydrophobicity should be at least somewhat hindered in their reaction and that is what we observe. The data we have measured are essentially "snapshots" of the reaction, the progress reports that would be observed if excess modifier were added and ultra-high speed spectra recorded. Instead we use a step-wise addition where we run out of modifier and the distribution of modified species is recorded at each point. The modification status is governed by the relative kinetics of the reaction to modify each cysteine. The reaction kinetics are governed by two major factors: the intrinsic rate of the chemical modification of the cysteine and the inhibition effect of the steric hindrance of the surrounding protein structure. Since the reactions are irreversible, the reverse equilibrium reaction has no effect on the distribution of the products.
Under denaturing conditions at low pH, all three modifiers (NEM, Bq, and IAM) followed pathways that resulted in a stochastic, Normal distribution of species that summed to the mol. eq. of modifier added. Under these conditions the protein adopts a more extended conformation and it is reasonable to conclude that all cysteines are essentially equally exposed to the solvent and incoming modifier molecules. This results in a purely statistical reaction pathway where individual MT molecules with more unreacted cysteinyl thiols are more likely to be modified than those with more modifications already present. Therefore, the intrinsic properties of the modifier are unimportant to the overall reaction profile. Under denaturing conditions, more consideration should be given to the reaction mechanism of the cyteine modifier which, in the case of IAM, may extend experimental equilibration times dramatically at lower pH.
A very different picture emerges during modification under native conditions at neutral pH. The larger, more hydrophobic modifiers (NEM and Bq) give rise to a cooperative-like pattern. Under native conditions, the more compact conformations shield most of the cysteinyl thiols, allowing only a fraction of the apo-protein to react, becoming increasingly unfolded as modifications proceed. Russell and coworkers showed a small fraction of apo-MT2a exists as a more disordered and open conformer, at least in the gas phase for the 15 charge state. 22 These conformers are likely more accessible for modification and are the ones that fully react at first, leaving the more compact conformers of apo-MT with unmodified thiols. To visualize the equilibrium between apo-MT conformers, molecular dynamics simulations were used to generate a range of possible structures (Fig. 8) . Because the reaction with the modifiers is controlled by access to the cysteinyl thiols, the thiols in the more compact conformers remain less reactive than those species whose structure has been disrupted by modification. This results in a large fraction of unreacted apo-MT, small amounts of partially modified protein and the accumulation of the fully modified protein as seen in Figure 7 (B) for NEM and Bq modifications. It is interesting that this cooperative-like pattern is not observed in the mass spectral data from the reaction of the smaller and more hydrophilic IAM modifier [ Fig. 7(B) ]. Instead, a wider stochastic distribution is observed and the width of the distribution of the IAM reaction profile is compared in Figure 9 (C). The wider distribution is likely due to the unequal solvent accessibility of the cysteinyl thiols in the compact configuration. IAM is less disruptive to the compact conformers of MT than the larger and more hydrophobic Bq and NEM modifiers. This has implications for the choice of modifier when examining properties of cysteine-rich proteins like MTs. IAM may be more suitable if native structure needs to remain largely intact, whereas Bq and NEM are better in producing a more dramatic change in reaction profile depending on the protein conformation. In addition, NEM is able to be used over a wide range of pH, 2.8-7.4 tested here, where IAM is unreliable at low pH (<4) and Bq unreliable at basic pH (>7) ranges. Figure 9 compares the reaction profiles at the halfway point (10 mol. eq.) under native and denaturing conditions. The Bq and NEM reaction profiles show how the reactivity of apo-MT has been dramatically changed by the switch between compact and extended conformers at neutral and low pH respectively. However, these profiles are contrasted by the reaction profile of the IAM species, Figure 9(C) , where the profiles follow stochastic distributions under both denaturing and native conditions, although the low pH distribution is much narrower. This may be a function of slow kinetics of the reaction under these conditions or may speak toward the equal accessibility of the cysteines and even less interference by the surrounding peptide due to the small size of the IAM molecule.
Our systematic approach in probing the structures of ba-MT and its isolated domains have provided further evidence for the adoption of a globular or compact structure by the metal-free protein. These data summarized in Table I , indicate that even the smaller, isolated fragments behave in the same fashion. To completely understand the metalation mechanisms of MTs, a starting point must be established which up until recently was a poorly defined apo-structure.
The biological significance of apo-metallothioneins remains a source of controversy within the community. Some have indicated that apo-MT comprises a significant portion of the cellular MT pool, [50] [51] [52] although there remains some controversy regarding the role and significance of cellular apo-MTs. Regardless, upon ribosomal translation the nascent MT will be in its apoform and it remains a mystery how specificity and quantity of MT metalation occurs. The redox properties of MT have also been a source of controversy. While it is clear gluathione is the major source of reducing thiols in the cell, 53, 54 it is unclear to what extent MTs also play a role. [55] [56] [57] The "hidden" nature of most of the thiols in MT demonstrated in this article may cast doubt on how integral a role MT1a plays in cellular redox chemistry.
Conclusions
In this article, we describe the cysteine modification reactions of metallothionein and its isolated domain fragments with well-known modification reagents ( Table I ). All three peptides (a-and b-domain fragments and full length ba-MT) gave similar reaction profiles under native and denaturing conditions, indicating all three adopt compact conformations, burying selective cysteine residues. The larger modifiers, Bq and NEM, showed the most drastic difference between conditions, going from a stochastic, noncooperative pattern when denatured to a more cooperative one under native conditions. The smaller IAM only showed a broader distribution of modified cysteine residues under native conditions but the overall pattern was similar to the denatured conditions. The larger modifiers were better able to probe the illdefined and fluxional conformations of apo-MT as they caused larger disruptions to the native, compact conformer. This highlights a new way to probe intrinsically disordered, or "less ordered", protein structure by monitoring residue modification by ESI-MS.
Materials and Methods

Protein preparation
Recombinant human metallothionein 1a (ba: MGKAAAACSC ATGGSCTCTG SCKCKECKCN SC KKCC SCCPMSCAKC AQGCVCKGAS EKCSCCK KA, a: GSMGKAAAACCSC CPMSCAKCAQGCVC KGASEKCSCCKKAAAA, b: GSMGKAAAA CSCAT GGSCTCTGSC KCKECKCNSCKKAAAA) was expressed with an S-tag in BL21 E. coli cells which has been described in detail elsewhere. 58 In brief, cells containing the plasmid constructs for the full protein (ba-MT1a) and for the isolated domains (bMT1a and a-MT1a) were plated on to growth media containing kanamycin from a stock culture stored at 2808C and grown for 16 h at 378C. The cells were then transferred into 1L broth cultures enriched with 50 lL of 1 M cadmium and incubated in a shaker for 4 h until OD 600 absorbance was between 0.6 and 0.8. Isopropyl b-D-1-thiogalactopyranoside (IPTG) was then added to induce expression of MT and 30 min later 150 mL of 1 M cadmium sulfate was added. The cells were collected 3.5 h after induction, centrifuged, and stored at 2808C. The recombinant cells were lysed using a cell disruptor (Constant Systems, UK) at 20K psi. The cell lysate was centrifuged for 1 h to remove cellular debris. The supernatant was filtered and loaded on to an SP ion exchange column (GE Healthcare) with a total volume of 10 mL. The columns were washed with pH 7.4 10 mM Tris (tris-hydroxymethylaminomethane) buffer for approximately 2 h to remove loosely bound proteins and other organic materials. MT was eluted using an increasing gradient of 1 M NaCl1 10 mM Tris buffer at pH 7.4. The eluted MT was concentrated down to <20 mL and the S-tag cleaved using a Thrombin Clean-Cleave kit as per the manufacturers' instructions (Sigma-Aldrich). The S-tag was separated using an ion-exchange column since the S-tag does not bind as strongly as MT and thus elutes at lower salt concentrations. The eluted, cut Cd-MT was concentrated to approximately 120 mM and stored at 2208C. In this article, we refer to the recombinant human liver MT1a isoform as "MT," but all other isoforms are referred to with their complete isoform and subisoform descriptors.
To prepare MT for the modification experiments, aliquots were first demetalated and desalted using centrifugal filter tubes with a 3 kDa membrane (Millipore) and a 10 mM pH 2.8 ammonium formate buffer. The low pH solutions contained 1 mM dithiothreitol (DTT) to prevent oxidation of the free thiols in MT. The pH was raised by buffer exchange with argon saturated, pH 7.0 10 mM ammonium formate solutions that did not contain reductant. The final concentration of the protein solutions were determined by remetalation of a small aliquot with cadmium using the metal-to-ligand charge transfer band at 250 nm (e 250 5 89,000 Lmol 21 cm
21
). The solutions were also monitored for oxidation using UV-visible absorption spectroscopy to monitor absorption corresponding to 280 nm from oxidized disulfide. Once demetalated and desalted, the MT concentration was determined, all concentrations were between 40 and 90 mM to ensure good signal to noise ratios In the ESI-MS experiment.
In addition to demetalating MT in the presence of DTT, the solutions were vacuum degassed and bubbled with Argon to displace any dissolved oxygen. This was also carried out for the 10 mM 1,4-benzoquinone (Bq), N-ethylmalemide (NEM) and iodoacetamide (IAM) solutions and the 0.5% NH 4 OH and 0.5% formic acid solutions as well to ensure no oxygen was introduced into the system during the modification reaction or pH adjustment. Great care was taken to reduce the possibility of oxidation of the protein especially at neutral pH. All modification agents were obtained from Sigma-Aldrich (USA).
ESI-MS spectra collection
Mass spectra were measured with a micrOTOF II electrospray-ionization time-of-flight mass spectrometer (Bruker Daltonics) in the positive ion mode. NaI was used as the mass calibrant. The scan conditions for the spectrometer were: end plate offset, 2500 V; capillary, 14200 V; nebulizer, 2.0 bar; dry gas flow, 8.0 L min 21 ; dry temperature, 308C; capillary exit, 180 V; skimmer 1, 22.0 V; hexapole 1, 22.5 V; hexapole RF, 600 Vpp; skimmer 2, 22 V; lens 1 transfer, 88 ls; lens 1 pre-pulse storage, 23 ls. The mass range was 500.0-3000.0 m/z. Spectra were assembled and deconvoluted using the Bruker Compass data analysis software package. ESImass spectrometry was used to monitor all stages of the modification reaction. Approximately 1 molar equivalent of the modifying agent (Bq, NEM or IAM) was added stepwise and a spectrum recorded after each addition. The ESI-mass spectra were recorded and averaged over 2 min.
Molecular models
MM3/MD calculations were carried out using Scigress Software (Fujitsu, Poland) and parametrized using the modified force field described by Chan et al. 58 with the dielectric constant of 78 for water to obtain energy minimized structures of the Cu-bound protein.
The original apo-MT1a structure was obtained from Rigby et al. 19 A cycle of MM3 minimizations followed by MD calculations gave energy-minimized apo-MT structures reported here. The structures were first energy minimized using the MM3 calculation followed by an MD simulation at 500 K for 10 ps and then another MD simulation at the same temperature for 1000 ps. Structures with closed, intermediate and open configurations were selected from energy minima as representations of the multiple conformations apo-MT adopts in solution.
